Studies describing the phenomenon of toxicity induced by chemical pollutants in plants have mostly employed only individual or population level endpoints, such as growth, reproduction or mortality. For freshwater ecosystems, biotests with *Lemna* (EC [@CR5]; OECD [@CR18]; ISO [@CR10]), a free floating aquatic macrophyte (duckweed), are used to supplement or replace the algal growth inhibition tests with *Scenedesmus*, a unicellular green microalgae (ISO [@CR10]). At the same time, there is a steadily growing concern among toxicologists about more sensitive, specific and rapid detection of contaminants occurring in the aquatic environment. Therefore, in addition to traditional markers used in aquatic toxicity testing and risk assessment, many suborganismal endpoints (biomarkers or bioindicators) are commonly used, and new biochemical ones have been proposed (see the review of Torres et al. [@CR23]). Biochemical biomarkers seem to be especially promising, since all organisms respond to stress at the cellular level, with a rapid synthesis of the so-called stress proteins and a simultaneous inhibition of normal protein synthesis. Published data indicate that for water plants the induction of heat shock proteins (HSPs), in particular HSP70 may be one such biomarker (Bierkens et al. [@CR2]; Lewis et al. [@CR14], [@CR15]; Ireland et al. [@CR9]).

HSPs are a family of evolutionarily conserved proteins which play an important role in cell physiology under normal and stress conditions. It has been shown that some members of HSP class possess molecular chaperone activity involved in proper polypeptide folding, protein transport, proteolysis, and stress tolerance (Żylicz and Wawrzynów [@CR26]), as well as immunoregulatory properties (Wieten et al. [@CR25]). HSPs are classified into protein families based on their molecular weight and sequence homology; HSP40, HSP60, HSP70, HSP90, HSP100, and small HSPs (sHSPs) are the major families (Kampinga et al. [@CR12]). HSP70 can be up-regulated in organisms proportionately to the degree of stress induced by different types of pollutants (Bierkens et al. [@CR2]; Lewis et al. [@CR15]; Ireland et al. [@CR9]; Backor et al. [@CR1]; Tukaj and Tukaj [@CR24]), taking part in the recovery of the physiological state of the cells.

The aim of this study was to compare the intracellular biomarker HSP70 to the conventional growth response in *Lemna minor* following exposure to three different classes of chemicals. *Lemna minor* was chosen because it is a test species recommended for ecotoxicological assays by many authorities. Short (4 h)- and long (7 days)-term experiments were performed in which the organism was subjected to anthracene (aromatic hydrocarbon), cadmium (heavy metal) and chloridazon (triazine herbicide) applied at concentrations of 0.5--5 μM. In the present study, the influence of anthracene, cadmium and chloridazon applied at the same concentrations on the 7-day growth of *Lemna* was performed strictly according to the toxicological test protocol (Moody and Miller [@CR17]).

Materials and Methods {#Sec1}
=====================

*Lemna minor* L. clone St, was obtained from a certified culture collection of the Botanical Inst., University of Jena, Germany, and was cultured in Steinberg medium modified by Altenburger (ISO/DIS 20079 [@CR11]). Stock solutions of the compounds were prepared in distilled water. The final medium, without EDTA and FeCl~3~ (pH 5.5 ± 0.2) addition, was autoclaved for 20 min at 121°C. Stock solutions of EDTA and FeCl~3~ were sterilized by filtration and added to complete the autoclaved medium.

Fronds were cultured in 250-ml beakers filled with 100 ml of the culture medium, at 24 ± 2°C, under continuous fluorescent light (65--75 μmole PAR m^−2^ s^−1^). The pre-cultures were grown in 500 ml crystallizing dishes with about 300 ml of the nutrient medium for 7--10 days before experiments, under the same light and temperature conditions as in the test cultures. The vessels were covered by transparent food film to minimize evaporation and accidental contamination. The lateral walls of the vessels were also covered with black paper. Experimental cultures were started by inoculation of two 3-frond colonies (for growth measurement), or 10--12 colonies (for other analyses).

Three toxicants were used: a) anthracene (high purity, Aldrich Chemicals Co., USA) was dissolved in 0.1% (v/v) dimethyl sulfoxide (DMSO) (Acros Organics, Belgium) and supplied to the medium culture to a final concentration of 0.5, 1, 2, or 5 μM. DMSO had no significant effect on the growth of *Lemna* and HSP70 synthesis; b) cadmium (CdCl~2~\*H~2~O, analytical grade; Merck, Germany) was dissolved in redistilled water and supplied to the medium culture to a final concentration of 0.5, 1, 2, or 5 μM; c) chloridazon (Redel de Hanen, Germany) was of commercial grade with 88% content of the active substance. The herbicide was dissolved in redistilled water and supplied to the medium culture to a final concentration of 0.5, 1, 2, or 5 μM.

A 4 h period at 35, 37.5, 40, or 42.5°C was chosen to demonstrate the heat shock response in *Lemna* fronds. Fronds were homogenized using a glass rod and quartz sand in a cold extraction buffer (25 mM Tris---HCl \[pH 8.0\], 1 mM β-mercaptoethanol, 10 mM EDTA and 2 mM phenylmethylsulfonyl fluoride---PMSF). Crude extracts were clarified by centrifugation (20,000 × g, 20 min at 4°C), and the supernatant was used for further analysis. The protein content was assayed as described by Bradford ([@CR4]).

Protein extracts were mixed with an equal volume of sample loading buffer, separated in 10% polyacrylamide gel under denatured condition (SDS---PAGE) in a Mini-Protean apparatus (Bio-Rad), and transferred onto nitrocellulose (in a buffer containing 200 mM glycine, 25 mM Tris and 20% methanol) at room temperature (RT) by 2 h (80 V). The membrane was blocked for 1 h (in RT) in a blocking buffer (0.1% Tween-20, 20 mM Tris--HCl \[pH 7.5\], 0.5 M NaCl). After the washing step in the buffer with a reduced amount of Tween-20 (0.05%), the membrane was incubated overnight in primary antibodies that recognize highly conserved fragments of the HSP70 protein in higher plants (rabbit polyclonal IgG anti-HSP70 (Agrisera, Sweden), in a dilution 1:1,000 in RT. Next, the membrane was incubated in secondary antibodies (goat anti-IgG rabbit coupled with HRP, Sigma, in dilution 1:2,000) for 1 h in RT. The membrane was washed and the substrate for HRP (3-3′ diaminobenzidine--DAB, Sigma) was added.

To quantify the levels of Western blotting products, a densitometric analysis was performed using a 1Dscan EX 3.0 program (Scanalytics, Rockville, MD, USA).

Statistical analyses were performed using *SPSS 8.0 for Windows*. Data are presented as the mean ± standard error (SEM). The means were compared statistically using one-way ANOVA with Dunnett's *post hoc* test. The Results are considered significant at *p* \< 0.05.
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The contaminants chosen in this work belong to distinct chemical classes, i.e. exert their effect through different biochemical pathways. Cadmium, "heavy" metal, is a non-essential and non-beneficial element with a high toxic potential. Due to its great affinity to sulfhydryl groups, cadmium is considered to block functional groups in biomolecules resulting in the inhibition of different metabolic processes in cells (di Toppi and Gabbrielli [@CR7]). Anthracene is recommended for study by the US EPA due to its high toxicity and wide occurrence in the environment (Bonnet et al. [@CR3]). The toxicity of anthracene results from the fact that it is a strong photosensitizer and one of the most quickly photomodified hydrocarbons (Krylov et al. [@CR13]). Its photomodification leads to the formation of both photostable and further photomodified products; most of them are quinones. Chloridazon (pyrazon) is an organochloride herbicide used to control broad-leaved weeds, particularly in sugar beet (Sanchez-Martin and Sanchez-Camazano [@CR20]). Due to its binding to the D1 protein in the reaction center of PS II, this herbicide is an inhibitor of photosynthesis (Caux et al. [@CR6]).

In the present study, the influence of anthracene, cadmium and chloridazon applied at the same concentrations (0.5--5 μM) on the 7-day growth of *Lemna* was performed strictly according to the toxicological test protocol (Moody and Miller [@CR17]).

In the 7-day growth study, the number of *Lemna* fronds was not significantly affected by anthracene or chloridazon at concentrations of 0.5--5 μM (Fig. [1](#Fig1){ref-type="fig"}a, c), but was significantly reduced by cadmium (Fig. [1](#Fig1){ref-type="fig"}b) at all exposures in the same concentration range. Based on growth response, anthracene and chloridazon would be assumed to be nontoxic at the concentrations used in this study. Unfortunately, there are no available papers on chloridazon toxicity to freshwater plants. In the 7-day test, cadmium appeared to be the most toxic. Depending on concentration, the number of *Lemna* was reduced by \~25--42% compared to the controls (Fig. [1](#Fig1){ref-type="fig"}b). Tkalec et al. ([@CR22]) also showed in long-term experiments (6 and 12 days) that 10 μM cadmium significantly reduced *Lemna* growth, but also induced defense mechanisms. These included increased activities of antioxidant enzymes, as well as HSP70 synthesis. The dose-dependent growth reduction and increase in the concentration of sulfhydryl groups in the soluble fraction of protein obtained from *Lemna trisulca* fronds treated for 7 days with Cd (1--100 μM) suggest another adaptative mechanism counterbalancing Cd stress (Malec et al. [@CR16]).Fig. 1Levels of HSP70 in *L. minor* cells exposed to various concentrations (from 0.5 to 5 μM) of **a** anthracene (ANT), **b** cadmium (Cd) or **c** chloridazon (CHD), and cultured for 7 days. **d** An example of the western-blotting result showing HSP70 bands of a single representative experiment. The results are presented as mean (*n* = 3) values (±SEM). Results for HSP70 levels in plant extracts treated by chemicals were expressed relative to HSP70 levels detected by immunoblotting in untreated samples (0 μM) and indicated as 1 (=100%). Above the graphs presenting HSP70 levels, the effect of chemicals on number of fronds are presented. The results are presented as mean (*n* = 5) values (±SEM).Statistically significant differences (chemical-treated versus control cultures) are denoted with asterisks: \* *p* \< 0.05

It is clear that a useful biochemical biomarker should be a fast, dose-dependent and sensitive detector of the stress state, detectable before any growth response occurs. In addition, due to a variety of stressors having quite different properties, the time of their equilibrium adsorption should be also taken under consideration, when the toxicity is determined in short-term tests. The biosorption of chemicals, such as those used in the experiment reported herein, by *Lemna* appears to be a relatively fast process. For instance, Saygideger et al. ([@CR21]) found that a biosorption equilibrium for cadmium and other divalent ions by *Lemna minor* was reached after 40--60 min. The time needed to reach 90% of the steady state (T~90~) biosorption for anthracene by *Lemna gibba* was 1.8 h (Duxbury et al. [@CR8]). There are no data available, but it seems is reasonable to assume that biosorption of chloridazon, a low-molecular-weight substance, also reaches the equilibrium state during the first several hours. For the above reasons, the intracellular level of HSP70 was monitored in the duckweed tissue after a 4 h exposure to chemicals, and compared to those after the 7-day exposure.

After 7 days, the highest over-production of HSP70 (about 2.4-fold) was induced by 0.5 μM chloridazon (*p* \< 0.05), and a tendency to stimulate HSP70 by a higher concentration was observed (Fig. [1](#Fig1){ref-type="fig"}c). This is consistent with other observations (Bierkens et al. [@CR2]), that HSPs are stimulated in cells exposed to stressors at sublethal concentration. Cadmium at a concentration of 0.5 μM significantly stimulated the synthesis of HSP70 (*p* \< 0.05), but at higher concentrations (1, 2, or 5 μM) this effect was not statistically significant. Similar reaction to higher doses of cadmium (5 and 10 μM) in the lichen photobiont *Trebouxia erici* was observed by Backor et al. ([@CR1]). There was no statistically significant effect on HSP70 synthesis in *L. minor* exposed to anthracene in the long-term toxicology test (Fig. [1](#Fig1){ref-type="fig"}a).

In short-term (4 h) tests, there was no effect of the three chemicals on the growth, frond size and morphology, but all stimulated the synthesis of HSP70 in *L. minor* cells in an inverse dose- dependent manner (Fig. [2](#Fig2){ref-type="fig"}). The highest expressions of HSP70 were induced by the lower 0.5 μM (*p* \< 0.001) or 1 μM (*p* \< 0.05) concentrations of anthracene, or chloridazon, with no effect occurring at their higher concentrations (2 or 5 μM) (Fig. [2](#Fig2){ref-type="fig"}a, c). To the best of our knowledge, this is the first such description showing an increased HSP70 expression in a higher plant (duckweed) exposed to anthracene and chloridazon. Cadmium stimulated HSP70 in *L. minor* in a similar manner to that for anthracene or chloridazon, but the highest concentration of cadmium (5 μM) showed a tendency to inhibit HSP70 expression (Fig. [2](#Fig2){ref-type="fig"}b). A similar tendency was observed by Ireland et al. ([@CR9]), however HSP70 stimulation in *Lemna minor* or *Fucus serratus* was observed up to 25 mM (Cd^++^), and higher cadmium concentrations significantly inhibited the expression of HSP70. This inhibition resulted probably from cadmium cytotoxicity, as previously suggested by di Toppi and Gabbrielli ([@CR7]). We and others (Bierkens et al. [@CR2]; Lewis et al. [@CR14], [@CR15]; Ireland et al. [@CR9]; Tukaj and Tukaj [@CR24]) postulate that heat shock proteins, in particular HSP70, may serve as useful biomarkers which are up-regulated by different types of pollutants (e.g., PAH, trace metals, herbicides) in many aquatic plant organisms proportionately to the degree of stress. Temperature-dependent (from 24 to 42.5°C) induction of HSP70 synthesis in *L. minor* was observed after 4 h of the heat treatment, as compared to controls (Fig. [2](#Fig2){ref-type="fig"}d). It is worth noting that we observed a statistically significant reduction in HSP70 level in fronds exposed to 35°C, in comparison to unheated plants. At present, we cannot explain this phenomenon. However, a question arises as to whether temperature of 24°C is optimal for *L. minor* recommended for toxicological standards.Fig. 2Levels of HSP70 in *L. minor* cells exposed to various concentrations (from 0.5 to 5 μM) of **a** anthracene, **b** cadmium, **c** chloridazon or **d** exposed to higher temperatures: 35, 37.5, 40, or 42.5°C and cultured for 4 h. The results are presented as mean (*n* = 3) values (±SEM). Results for HSP70 levels in plant extracts treated by chemicals or high temperature were expressed relative to HSP70 levels detected by immunoblotting in untreated samples (0 μM/24°C) and indicated as 1 (=100%). Statistically significant differences (chemical/temperature-treated versus control cultures) are denoted with asterisks: \* *p* \< 0.05; \*\*\* *p* \< 0.001

Summarizing, we have shown that HSP70 in *Lemna minor* can be induced by different chemicals. The chemicals tested stimulated the biosynthesis of the cytoplasmic HSP70 protein in a concentration-dependent way, higher in fronds exposed to lower doses of stressors. The results of our short-term experiments suggest that HSP70 induction is a sensitive and nonspecific indicator of cellular stress, and may serve as an adaptive function in water plants exposed mainly to low doses of contaminants.
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